Introduction
============

Biochemical and biomolecular diagnostic methods used in medicine have their focus on blood and urine analysis. Breath analysis using electronic nose technology (eNose) could integrate the current examination procedures to assist clinicians in diagnosis and monitoring, since it is a noninvasive sampling technique, painless, inexpensive and that can be easily performed by sick patients, children, and elderly alike.^[@R1]^ The potential of exhaled breath analysis appeared with Hippocrates when he described an odor of fetor hepaticus as a clinical marker which is now related with hepatic diseases.^[@R2],[@R3]^ The compounds related with that smell were later discover by gas chromatography coupled with mass spectrometry (GC-MS). Breath of patients with hepatic conditions showed higher levels of dimethyl sulfide, acetone, 2-butanone, and 2-pentanone and lower levels of indole and dimethyl selenide.^[@R3]^

Nowadays, exhaled breath is not the only type of sample used for gas analysis which can include fecal and urine headspaces. The term "headspace" is referred as the gas directly surrounding a sample. The constituents of the sample which have a high volatility will generally be present in the headspace in higher concentrations.^[@R4]^ Low volatile compounds are less likely to be found in a sample. Consequently, the concentration of molecules present in the headspace is not proportional to the concentration of the same molecules in liquid or solid sample.

The electronic nose or eNose is "an instrument which comprises an array of electronic chemical sensors with partial specificity and an appropriate patter-recognition system, capable of recognizing simple or complex odours" (1994).^[@R5]^ This device mimics the mammalian olfactory system and can identify different complex odors comparing the incoming odor with patterns previously learnt.^[@R6]^ When an odor (chemical input) is presented to the eNose causes a physical change in the sensors which is detected by the transducers and converted into an electrical signal creating a specific signature or smellprint.^[@R5]^ The rise and decline of the signal depends on some parameters: nature of the odor (type and concentration of the compounds), reaction and diffusion between odor and sensors, type of sensor, and ambient conditions.^[@R5]^ Methods based on mass spectrometry analysis can detect and identify which compounds are present in air samples being useful for pathophysiologic research.^[@R7]^ Yet, these methods are time consuming, expensive, and depend on a skilled operator which makes them unpractical to be applied at clinical settings. Electronic noses have the potential to overcome these disadvantages because they are relatively inexpensive, easy to use and provide a rapid analysis.^[@R5]^ To achieve this goal, it is necessary to create a prediction model with a training set of samples and external validate the model for further application.

The aim of this systematic review was to investigate how eNose technology may be applied as a noninvasive tool to improve diagnostic in clinical settings, based on published evidence. The clinical application of eNoses has been reviewed by some authors with special focus on pulmonary diseases, cancer, and gastroenterology.^[@R8]--[@R10]^ In this review, all published studies using eNose to diagnosis, phenotyping or monitoring diseases, pulmonary and extra pulmonary, are listed and discuss.

Methods
=======

Search strategy
---------------

This systematic review was conducted following the PRISMA statement for authors of systematic reviews by searching for studies using the eNose technology as a diagnostic tool in medicine.^[@R11]^ The search was performed until the end of September 2017 in PubMed and Cochrane Library. The keywords "electronic nose" or "enose" and "diagnosis" or "diagnostic" or "phenotyping" or "phenotype" or "monitoring" were used. Full-text manuscripts in English published since January 2000, independently of the type of document (original article, review, comment, conference paper, letters, and book chapters), were assessed for eligibility. The adopted inclusion criteria were (a) diagnosis using electronic nose technology in clinical and medical applications; and (b) clinical trials. The exclusion criteria consisted of (a) trials not performed on human patients.

Quality assessment
------------------

The quality assessment of the selected studies was conducted according to the Standards for Reporting of Diagnostic Accuracy (STARD).^[@R12]^ The STARD statement was created to improve the quality of reporting diagnostic accuracy studies and incorporates a checklist of 30 items divided in 5 groups, covering the main sections of a scientific article, that should be included in the report of those studies. To better represent the quality assessment, STARD quality scores were defined: items reported in the study were classified as "Yes" and added 1 point to the score; items not reported or unclear were classified as "No" and "Unclear," respectively, and added 0 points to the score (see Supplemental Digital Content).

Results
=======

Study selection, characterization, and quality assessment
---------------------------------------------------------

The systematic search using the aforementioned methodology yielded 295 studies. After removal of duplicates, 286 studies were accepted for screening. However, this number was increased to 324 after the inclusion of studies found by reference list searching. During the screening of titles and abstracts using the prespecified inclusion criteria, 238 studies were rejected, yielding 86 studies for full revision. Each of those studies was then reviewed. Ten studies were later excluded: 4 articles were focused on eNose technology and other breath analysis methods, 3 were focused on volatile organic compounds (VOC) and associated diseases, and 3 studies regarded clinical application but not diagnosis or monitoring of a disease. Reasons to exclude the studies at this stage were discussed with members of the review team. Thus, 76 studies were included: 48 original articles, 21 reviews, and 7 other documents (comments, letters, and book chapter). Figure [1](#F1){ref-type="fig"} shows the flow diagram of search and selection process.

Figure 1Summary of the literature search.

The eNose technology applied in health field was tested in several diseases to verify its potential on diagnosis or monitoring. The diseases in which this technology was tested can be divided into 5 groups: airway obstructions, respiratory infections, inflammatory diseases, cancer, and other diseases. Airway obstructions group is the one which includes more research and published studies (18 original articles). Chronic obstructive pulmonary disease (COPD) and asthma are the most studied diseases using the eNose technology as a diagnostic tool, followed by obstructive sleep apnea syndrome (OSAS). The second group with 9 studies includes ear, nose, and throat (ENT) infections, ventilator-associated pneumonia (VAP), invasive aspergillosis (IA), and late-onset sepsis (LOS). The inflammatory diseases with only 5 studies are sarcoidosis, inflammatory bowel disease, arthritis, inflammatory answer to ozone, and acute respiratory distress syndrome (ARDS). Furthermore, this technology has been applied to investigate the possibility of diagnosis different type of cancers, such as lung cancer, prostate cancer, colonrectal cancer, and malignant pleural mesothelioma (MPM). The other diseases that have been under investigation are cystic fibrosis, halitosis, amyotrophic lateral sclerosis (ALS), and renal dysfunction. The most commonly used eNose, in 81% of the studies, was the Cyranose 320 (Sensigent, Baldwin Park, CA) and the most current methodology for sampling collection consisted of using Tedlar Bags for trapping the exhaled breath after 5 minutes of tidal breathing through a VOC filter, to eliminate the influence of environmental VOC in the samples and was primarily described by Dragonieri et al.^[@R13]^ This methodology was used in 44% of the studies. Considering a cross-validation value (CVV) or an area under the curve (AUC) of 80% or more, 50% of the studies achieved those requirements (65% if we consider only studies that presented CVV or AUC values). However, only 10% of all studies performed external validation in a new recruited population. The summarized overview of the collected information is presented at Table [1](#T1){ref-type="table"}   , and most important outcomes are presented in the discussion (Table [1](#T1){ref-type="table"}   ). Table [2](#T2){ref-type="table"}  presents the main results of reviews, comments, and book chapters found in the literature (Table [2](#T2){ref-type="table"} ).
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Study population
----------------

An overview of the included studies is presented in Table [1](#T1){ref-type="table"}   . The population used in each study vary significantly, from 10 (3 cases and 7 controls) to 171 participants (25 cases and 166 controls). In several studies, control group was composed by healthy subjects but in some cases participants with other health conditions or with smoking habits were included. The studies were conducted in several countries of Europe, North America, Asia, and Australia. The leader country with more investigation in this field was the Netherlands, with 19 studies. Seven studies evaluated more than 1 condition per survey, supporting the potential of using eNose for differential diagnosis.

Discussion
==========

Diagnosis of airway obstructive diseases
----------------------------------------

The present review study presents an overview of eNose performance on diagnosis and phenotyping of diseases. Most of the included studies (18 original articles) concerned common airway obstructive diseases, such as COPD and asthma, and the VOC patterns were analyzed to differentiate these conditions, or to compare them with breathprints of other airway diseases, such as lung cancer.

Dragonieri et al found that COPD and nonsmall cell lung cancer have different exhaled VOC patterns which could be distinguished by eNose with a CVV of 85%.^[@R14]^ Furthermore, patients with nonsmall cell lung cancer could also be distinguished from healthy controls with a CVV of 80% or 90% when duplicates measurements were analyzed. At the same year, Fens et al published a study aiming to separate VOC profiles between COPD and asthma patients.^[@R15]^ They found different breath profiles between asthma subjects and COPD patients with an accuracy of 96%, as well as between nonsmoking controls and smoking controls with accuracies values of 95% and 92.5%, respectively. Later, the same group of authors conducted a study to externally validate the previous results, following STARD guidelines.^[@R16]^ The external validity of breath profiles showed that fixed asthma and classic asthma can be discriminated from COPD patients with high accuracy (88% and 83%, respectively) and sensitivity and specificity values varied from 85% up to 91% and 90%, respectively. Fens et al were able to differentiate mild and moderate types of COPD not only using eNose technology but also using mass spectrometry (GC-MS) and computed tomography scanning.^[@R18]^ Interestingly, the group found that eNose breathprints could be related with activation markers of eosinophils and neutrophils in mild asthma, suggesting that the eNose may not only be useful for asthma diagnosis, but also for phenotyping. Another successful application of the eNose was demonstrated in a study where individuals with COPD were discriminated according to their alpha 1-antitrypsin deficiency.^[@R19]^ The eNose was also able to discriminate COPD patients with and without airway bacterial colonization or identify the presence of a viral or bacterial cause in acute exacerbations.^[@R20],[@R21]^

However, the first study using breathprint analysis of exhaled VOC by an eNose in airway obstructions was conducted in patients with mild and severe asthma.^[@R13]^ In this study, the degree of asthma severity was not discriminated by eNose, although it was able to distinguish asthma patients from controls with an accuracy of 90%. These results were further confirmed by another group and a sensitivity of 80% was reached, despite the low specificity of 65%.^[@R24]^ These results can be explained by the differences in methodologies, namely due to the effects of treatment that was discontinued in one of the studies. Nevertheless, changes in the airway caliber in asthma have been shown to not affect the breathprints.^[@R23]^ A recent study involving asthmatic subjects was conducted in Spain and aimed to phenotype the disease using the eNose.^[@R25]^ The eNose was able to differentiate inflammatory phenotypes (eosinophilic, neutrophilic, and paucigranulocytic) in patients with persistent asthma with sensitivities and specificities ranging from 55% up to 94% and 79% up to 87%, respectively. Exhaled breath profiles of patients with asthma were also evaluated in a longitudinal study using 2 different approaches to analyze breath samples (GC-MS and eNose).^[@R26]^ Both technologies were able to distinguish breathprints of patients collected during baseline, loss of control, and during recovery time. eNose technology had a higher accuracy than mass spectrometry (86--95% and 68--77%, respectively).

OSAS was primarily investigated by Benedek et al that discovered the potential of the eNose technology in discriminating OSAS from non-OSAS patients in a pediatric population (sensitivity: 78%, specificity: 70%, AUC: 0.80).^[@R28]^ These results are similar to those reported by Greulich et al (sensitivity: 93%, specificity: 70%, AUC: 0.85).^[@R29]^ Obesity was also found to affect the pattern of exhaled breath since obese patients with OSAS were discriminated from health controls (cross validation accuracy \[CVA\]: 97.4%), but were only moderate distinct from obese patients without OSAS (CVA: 67.6%).^[@R30]^ In a pilot study, OSAS breathprints were compared to OVS (overlap syndrome) and COPD.^[@R31]^ Patients with OSAS clustered distinctly from those with OVS as well as from those with COPD (AUC: 1.00 and 0.83), but patients with OVS were not significantly different from those with COPD (AUC: 0.60).

The significant interest of researchers in studying eNose technology as a diagnosis tool is notable, especially concerning airway obstructive diseases. Clinical diagnosis can be difficult because of related symptoms between different diseases, which makes breathprint analysis very useful if further research confirms these primary results. Diagnosis is not the only application of breathprint analysis, as it also appears to be promising for the phenotyping and monitoring of diseases.

Diagnosis of infectious diseases
--------------------------------

Infectious diseases are caused by pathogenic microorganisms that are known to produce specific VOC. Several groups hypothesized that eNose could be used as a noninvasive tool to identify specific signatures of these health conditions.

The most studied condition was VAP, a type of lung infection. A group in the United States discovers that Cyranose 320 was capable to correlate different breathprints to a pneumonia score.^[@R34]^ However, it was Schnabel et al that presented a more detailed study revealing a sensitivity of 88% and a specificity of 66% in the discrimination between VAP patients with a positive bronchoalveolar lavage test and healthy controls.^[@R35]^

ENT infections are very common and the eNose technology, in a preliminary study with 90 patients, was able to identify the presence of bacterial infections in 88.2% of the cases.^[@R40]^ This result was also obtained by Dutta et al that, additionally, was capable to distinguish between 3 classes of *Staphylococcus aureus* infections (MRSA, MSSA, and C-NS).^[@R41]^ A more specific study was conducted in patients with a positive diagnosis for bacterial sinusitis.^[@R42]^ The eNose could predict the diagnosis of sinusitis in at least 72% of the samples using the external validation methodology. However, no further studies aiming to predict ENT infections by eNose in patients were conducted since 2006.

The most recent studies focused on diagnosis of IA and the prediction of LOS at a preclinical stage.^[@R54],[@R56]^ In the first one, eNose could established distinct VOC profile in patients with IA and controls with an AUC of 0.93.^[@R54]^ In the last one, fecal VOC profile of preterm infants with LOS was discriminated from matched controls with a reasonable AUC of 0.70.^[@R56]^

Microorganisms produce different VOC that can be detected in air samples by eNose. These studies showed that exhaled breath can be analyzed by eNose, but also fecal gas which showed distinct VOC profiles. The results are promising but further investigation is required.

Diagnosis of inflammatory diseases
----------------------------------

There is some recent research in this field; however, the number of studies is still low. Dragonieri et al started to study sarcoidosis in 11 untreated patients, 20 treated pulmonary sarcoidosis patients and 25 healthy controls.^[@R49]^ Patients with untreated sarcoidosis were distinguished from healthy controls with an AUC of 0.825 and a CVA of 83.3%. This number decreased when breathprints of untreated patients were compared with the treated group (CVA: 74.2%). ARDS was also a condition investigated in 58 patients and 92 controls.^[@R48]^ The 2 groups were separated with an AUC of 0.71. Differential diagnosis of Crohn disease and ulcerative colitis yielded a promising result in a pediatric population during active and remissive disease.^[@R57]^ The values of sensitivity and specificity varied from 88% up to 100% and 67% up to 100%, respectively. The eNose was also tested in rheumatoid arthritis and psoriatic arthritis yielded moderate to poor values of sensitivity and specificity.^[@R58]^

Inflammatory diseases are less investigated, and more studies are required to confirm the aforementioned observations. Nevertheless, these results are promising, especially for sarcoidosis.

Diagnosis of cancer
-------------------

More recently, the eNose technology has been tested to diagnose some types of cancer. Surprisingly, lung cancer was not the first research target. An Australian group reported that, in 88% of the cases, eNose could separate MPM patients from controls.^[@R38]^ These results were similar to another study performed by Dragonieri et al.^[@R39]^ Both studies included patients with significant asbestos exposure but without MPM to compare with the MPM group. MPM subjects could be discriminated from those with asbestos exposure (sensitivity: 92.3%, specificity: 85.7%, AUC: 0.917) and from controls (sensitivity: 92.3%, specificity: 69.2%, AUC: 0.893).^[@R39]^ Lung cancer was then explored by McWilliams et al and it was found that in 80% of the cases, eNose measurements were able to distinguish lung cancer patients from high-risk smoking control subjects without cancer.^[@R37]^ These results were similar to a previous study where eNose reached a performance of 80% of sensitivity and 48% of specificity.^[@R36]^

Pilot studies in prostate, bladder, and colonrectal cancer using the air scape of urine and feces samples for analysis were conducted recently.^[@R50]--[@R52]^ The ChemPro 100-eNose could discriminate prostate cancer and benign prostatic hyperplasia with moderate values of sensitivity and specificity of 78% and 67%, respectively.^[@R52]^ Electronic nose could also separate bladder cancer and patients with benign urological condition with moderate to good sensitivity and specificity (75% and 86%, respectively).^[@R51]^ Finally, Cyranose 320 was able to distinguish the fecal gas profile of 40 patients with colonrectal cancer, 60 patients with advanced adenomas, and 57 healthy controls.^[@R50]^ Sensitivity and specificity varied from 62% up to 85% and 73% up to 87%.

Cancer diagnosis using air analysis of exhaled breath, urine, and fecal samples is a recent focus of investigation, revealing promising results. Although cancers related to the respiratory system have been further studied, only pilot studies have been performed so far, and a validation of these results is still required.

Other diseases
--------------

The diagnosis by eNose was also applied to differentiate breathprints of cystic fibrosis (CF) and primary ciliary dyskinesia (PCD) patients in 2 different studies, showing different results.^[@R45],[@R46]^ The first reached a sensitivity of 84% and a specificity of 60%, when breathprints of both diseases were compared. Comparing both diseases with control group, similar results were observed (sensitivity: 88% and 84%; specificity: 52% and 60%).^[@R45]^ The other study did not compare the 2 diseases.^[@R46]^ Comparisons between CF or PCD and the control group showed a lower sensitivity when compared to the previous study (50% and 57%, respectively) but with a higher specificity (95% and 85%, respectively). The samples were analyzed with Cyranose 320 and both used a VOC filter to minimize the influence of environmental VOC on the breath profiles. The major difference was among the population, the first used children\'s breathing samples, while the last studied samples from young adults.

Only 1 study evaluated the capacity of eNose to separate healthy subjects from patients with renal failure, yielding a correct classification of 95.2%.^[@R55]^ However, a completely different methodology was used. Authors investigated body odor with the sensor head on the leg of patients. More recently, ALS was also investigated and breath profiles from patients were moderately discriminated from healthy controls (CVA: 75%).^[@R53]^ Finally, oral malodor was assessed, and an AUC of 0.879 was reached comparing control subjects and malodor patients.^[@R43]^

This technology can be explored and investigated to diagnose several diseases. Further research in other health conditions is expected to test the potential use of this diagnostic tool.

Limitations
-----------

There are some limitations in studies using eNose technology as a possible noninvasive diagnosis tool. The most evident is that eNose cannot identify and quantify the compounds present in the sample. Electronic noses are used to detect patterns and not individual molecules. Some studies have demonstrated an association between the eNose technology and mass spectrometry, yielding a more complete analysis.^[@R17],[@R18]^ However, breathprint analysis allows the quick and easy assessment of an exhaled breath sample with thousands of volatile molecules. Another limitation is related to exhale breath sampling since exogenous VOC can be present in samples. Breathprints are critically dependent on the methods of collection and sampling of exhaled breath. The most commonly used technique was described by Dragonieri et al.^[@R13]^ Sample collection consists of asking patients to breath normally for 5 minutes through a 3-way nonrebreathing valve with a VOC filter at the inspiratory port and a silica filter at the expiratory port to promote inspiratory VOC filtering and air drying, respectively. Therefore, it is possible to minimize any influence of humidity and environmental VOC on exhaled VOC patterns.^[@R13],[@R15]^ After a maximal deep inspiration, patients exhaled a single vital capacity volume into a 10 L Tedlar bag connected to the expiratory port and silica reservoir.^[@R13]^ Almost 50% of the studies described in this review used this sampling methodology. In addition to this method, researchers should also adopt a restrict protocol regarding to food and beverage intake prior to sampling. Sampling methods should be standardized to achieve comparable results between studies and to improve diagnostic accuracy.

As a pioneer area, much of research involves pilot studies to evaluate the potential of eNose to discriminate breathprints of controls from patients with a specific disease. However, in the airway obstructions group, there are some recent studies that try to distinguish different stages and severities of a disease (mainly COPD and asthma).^[@R17],[@R25]^ This type of research is expected to increase once its clinical application becomes more evident, as well as studies to help in treatment management and guidance of therapies.

The external validation allows to confirm and provide robustness to the obtained results. Unfortunately, only 5 studies performed external validation. External validation requires a training set and a validation set with newly recruited patients to assess the diagnostic accuracy.^[@R16]^ In the future, this validation methodology should be more recurrent to give strength to the results and introduce this tool into real clinical practice. Additionally, STARD guidelines for diagnostic accuracy studies should be followed to increase transparency and strength of results.

There are some limitations regarding to the methodology that should be solved to enable comparisons of results across studies. Still, it is necessary to do studies in larger populations to achieve robust results and include pediatric subjects, not just adults.

Future perspectives
-------------------

In the future, research in this field is expected to increase due to the promising results demonstrated in previous studies, especially in airway obstructive diseases. The main objective is to achieve a universal methodology, with adequate reproducibility and repeatability, to enable comparisons between studies. External validation should be performed to increase robustness of the results. Subsequently, studies on larger, representative, and intend-to-treat populations are needed to evaluate this technology in a real clinical setting in the presence of several confounders. It should be emphasized that pediatric population must be included in further studies. Thereby, it is possible to think about a clinical application of eNose technology, firstly as a complementary diagnostic approach for other traditional tools.

Conclusions
===========

In conclusion, there is a need for a simple, noninvasive, inexpensive, and easy-to-perform technique to assess complex biological samples. GC-MS studies already proven that air analysis, especially of exhaled breath, can be a tool to evaluate an individual\'s metabolic status (normal or disease-associated). In recent years, several studies using eNose technology to analyze gas samples have shown promising results to diagnose different diseases, not only respiratory but also infectious and inflammatory diseases and various types of cancers. Electronic nose analysis could be useful in a clinical setting because they are portable, easy to perform, inexpensive, rapid and do not require a specialized technician. Many of the previous studies have shown the moderate to good accuracy of this technology to differentiate several conditions from controls, especially airway obstructive diseases. However, it is a priority to create guidelines for standardized breath sampling, analysis and interpretation of the results. Additionally, it is necessary to externally validate the results in independent datasets of newly recruited patients to strengthen the results. Finally, studies on larger and representative populations are needed to test this technology in a real clinical setting. Reproducibility and repeatability of measurements using eNoses should also be studied and optimized to ensure comparable results.
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